Exercise has a variety of beneficial effects on brain structure and function, such as hippocampal neurogenesis, mood and memory. Previous studies have shown that exercise enhances hippocampal neurogenesis, induces antidepressant effects and improves learning behavior. Brain serotonin (5-hydroxytryptamine, 5-HT) levels increase following exercise, and the 5-HT system has been suggested to have an important role in these exercise-induced neuronal effects. However, the precise mechanism remains unclear. In this study, analysis of the 5-HT type 3A receptor subunit-deficient (htr3a −/− ) mice revealed that lack of the 5-HT type 3 (5-HT 3 ) receptor resulted in loss of exercise-induced hippocampal neurogenesis and antidepressant effects, but not of learning enhancement. Furthermore, stimulation of the 5-HT 3 receptor promoted neurogenesis. These findings demonstrate that the 5-HT 3 receptor is the critical target of 5-HT action in the brain following exercise, and is indispensable for hippocampal neurogenesis and antidepressant effects induced by exercise. This is the first report of a pivotal 5-HT receptor subtype that has a fundamental role in exercise-induced morphological changes and psychological effects.
INTRODUCTION
Exercise has a variety of effects on the animal brain at many levels. 1, 2 At the cellular level, exercise enhances hippocampal neurogenesis. 3, 4 At the behavioral level, exercise induces antidepressant effects [5] [6] [7] [8] [9] and improves learning behavior. 4, 10, 11 Furthermore, exercise has beneficial effects on brain disorders, such as Alzheimer disease 12, 13 and Parkinson's disease. 14, 15 It has been suggested that neurotransmitters and neurotrophic factors, such as serotonin (5-hydroxytryptamine, 5-HT), 16, 17 brain-derived neurotrophic factor, 18, 19 insulin growth factor-1 20, 21 and vascular endothelial-derived growth factor, 22, 23 are candidate factors that mediate these exercise effects on the brain. 1, 2 5-HT has attracted much attention in the context of the functional link between major depression and adult neurogenesis in the hippocampal dentate gyrus. 24, 25 Actually, the dentate gyrus, which is involved in cognitive and mood disorders, 26 is highly enriched with serotonergic fibers, 27, 28 and the 5-HT system regulates neuronal plasticity in the dentate gyrus. 29 In addition, the beneficial effects of antidepressant drugs that primarily target the central 5-HT system have been shown to require the generation of new hippocampal granule neurons. [30] [31] [32] Previous studies have shown that both 5-HT and exercise have neurogenic 3, 4, [33] [34] [35] and antidepressant effects, 1, [5] [6] [7] [8] [9] 36 and have significant effects on learning and memory. 2, 4, 11, 37 Furthermore, exercise increases the levels of 5-HT in the hippocampus, which could affect learning and affective processes. [38] [39] [40] [41] Intriguingly, it has been reported recently that central 5-HT is an essential positive modulator of neurogenesis that specifically functions in response to running stimuli. 17 However, the precise mechanism of action of 5-HT in neurogenic and behavioral effects induced by exercise is unknown.
The 5-HT type 3 (5-HT 3 ) receptor is the only ionotropic receptor in the 5-HT receptor subfamilies. 42 The 5-HT 3A receptor subunit is essential for formation of a functional receptor. 43 The 5-HT 3 receptor is expressed on interneurons in the limbic region, including the hippocampus, amygdala and prefrontal cortex. [44] [45] [46] However, its possible role in hippocampal neurogenesis has not been defined. Previous studies have indicated that the 5-HT 3 receptor has important roles in mood and memory. 37, [47] [48] [49] [50] Thus, we sought to investigate the possible relationship of the 5-HT 3 receptor with exercise-induced hippocampal neurogenesis and behavioral changes.
In this study, we found that the 5-HT 3 receptor is essential for exercise-induced hippocampal neurogenesis and antidepressant effects, but not for learning enhancement. Our results indicate that the 5-HT 3 receptor is the critical target of the 5-HT action in the neurogenic response in the hippocampal dentate gyrus and antidepressant-like behavior induced by exercise. Our findings provide further insights into the mechanism of exercise-induced morphological changes and psychological effects.
MATERIALS AND METHODS Mice
The generation of htr3a −/− mice has been described previously. 51 These mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). The mice had been backcrossed with C57BL/6J mice for at least 10 generations. We used 7-to 9-week-old male wild-type (C57BL/6J) and htr3a −/− mice. Mice were separately housed in a standard cage (nonexercise) or in the exercise cage (exercise) equipped with a running wheel. All mice were housed under a 12-h light-dark cycle (lights on 0900-2100 hours) with the temperature kept at 23-25°C, and received standard lab chow and water ad libitum. All behavioral tests were performed between 0900 and 1500 hours. All animal protocols were approved by the Institutional Animal Care and Use Committee at Osaka University Medical School.
Experimental timeline
In the experiment assessing baseline cell proliferation and neurogenesis in the hippocampal dentate gyrus (Figures 1a-d ), bromodeoxyuridine (BrdU;
Sigma, St Louis, Mo, USA) (100 mg kg -1 body weight) was injected intraperitoneally once a day (at~1000 hours) during the first 4 days. Mice were killed in the morning on day 5 for cell proliferation analysis, or in the morning on day 29 for neurogenesis analysis.
In the experiment assessing exercise-induced cell proliferation (Figures 2a-h), mice were housed in a standard cage (non-exercise) or in the exercise cage (exercise) for 6 days (from 0900 hours on day 1 to 0900 hours on day 7). BrdU (50 mg kg -1 body weight) was injected intraperitoneally three times, 6 h apart on day 6 (0900, 1500 and 2100 hours on day 6). Mice were killed 24 h after the first BrdU injection for analysis (0900 hours on day 7).
In the experiment assessing cell proliferation after treatment of SR 57227A (4-amino-1-(6-chloro-2-pyridyl)-piperidine hydrochloride; Sigma), which is a selective 5-HT 3 receptor agonist 52 (Figures 3a-d ), BrdU (100 mg kg -1 body weight) was injected intraperitoneally 2 h after the saline or SR 57227A Mechanism of exercise-induced neuronal changes treatment (saline or SR 57227A treatment, 1000 hours; BrdU injection, 1200 hours). Mice were killed 24 h after BrdU injection for analysis (1200 hours).
In the experiment assessing exercise-induced neurogenesis (Figures 4a-e ), mice were housed in a standard cage (non-exercise) or in the exercise cage (exercise) for 3 weeks (from 0900 hours on day 1 to 0900 hours on day 22). BrdU (100 mg kg -1 body weight) was injected intraperitoneally once a day (at~1000 hours) during the first 4 days. Mice were killed in the morning on day 22 for analysis. 
Immunohistochemistry and quantification
Mice were deeply anesthetized and perfused with 4% paraformaldehyde in phosphate-buffered saline. 53 Brains were then removed, further fixed overnight at 4°C and cryoprotected in sucrose solutions. Coronal sections (20 μm) of the entire hippocampus were prepared with a cryostat. For immunohistochemical detection of BrdU, sections were incubated in 2 M HCl at 37°C for 30 min, and then neutralized in 0.1 M borate buffer (pH 8.5) for 10 min, as previously described. 53 After blocking with 3% bovine serum albumin in phosphate-buffered saline containing 0.1% Triton X-100 for 30 min, sections were incubated with primary antibodies overnight at 4°C, followed by incubation with the corresponding Alexa-labeled secondary antibodies for 1 h. One in four ( Figures 1, 2 and 3) or one in eight ( Figure 4 ) series of sections of each brain were counted in the dentate gyrus throughout the hippocampus (entire hippocampus, plates 43-60; dorsal part, plates 43-55; ventral part, plates 55-60 in the atlas of the Mouse Brain) 30, [54] [55] [56] [57] . Results were multiplied by four or eight to obtain the absolute number, as previously described. 17 Images were acquired using an FV1000D confocal laser-scanning microscope (Olympus, Tokyo, Japan). For primary antibodies, anti-BrdU (rat, Abcam, Cambridge, UK; 1:200), antineuronal nuclei (anti-NeuN; mouse, Millipore, Billerica, MA, USA; 1:200) and anti-doublecortin (anti-DCX; goat, Santa Cruz Biotechnology, Dallas, TX, USA; 1:150) antibodies were used. For secondary antibodies, Alexa 488labeled goat/donkey anti-rat, Alexa 568-labeled goat anti-mouse and Alexa 568-labeled donkey anti-goat antibodies (Invitrogen, Carlsbad, CA, USA; 1:500) were used.
Forced swim test
The forced swim test was performed as previously described. 58 Mice were placed in a cylinder (16-cm diameter) filled to a depth of 10 cm with water (24-25°C). A 6-min test session was performed, and the time spent immobile during the last 4 min was recorded. Immobility was defined as a lack of movement, but included the presence of movements that are necessary to keep the head above the water.
Tail suspension test
The tail suspension test was performed as previously described. 8 Mice were suspended by adhesive tape placed approximately 2 cm from the tip of the tail. The tail was taped to a piece of suspended tubing. A 6-min test session was performed and the time spent immobile was recorded. Data acquisition and analysis were performed using CompACT FSS Ver.2 software (Muromachi Kikai, Tokyo, Japan).
Assessment of spontaneous activity
Spontaneous activity of mice was measured by means of a Supermex and a photocell beam system (Muromachi Kikai, Tokyo, Japan), as previously described. 50 Fear conditioning test Current thresholds for three reactions of mice to the nociceptive foot shock (namely, flinch, vocalization and jump) were measured as previously described. 50 Mice were given foot shocks of increasing strength ranging from 0.1 to 0.4 mA in a step wise manner.
The contextual fear conditioning test was performed as previously described. 53 On the conditioning session day, mice were placed in the conditioning chamber for 150 s and then given a foot shock (US: 2 s, 0.6 mA). One more shock was presented with a 120-s interval. Thirty seconds after the final foot shock, the mice were returned to their home cages. For the contextual fear test, 24 h after conditioning, the mice were placed in the conditioning chamber for 5 min. Freezing was defined as no movement other than respiration, and was recorded using a 5-s sampling method. 50 
RESULTS
The 5-HT 3 receptor is not required for baseline cell proliferation or neurogenesis in the hippocampal dentate gyrus First, to examine the possible role of the 5-HT 3 receptor in cell proliferation and neurogenesis in the hippocampal dentate gyrus at baseline, we performed BrdU labeling of the hippocampal dentate gyrus of wild-type and 5-HT 3A receptor subunit-deficient (htr3a −/− ) mice (Figure 1a ). Quantitative analysis revealed that the number of BrdU-positive cells (cell proliferation) in htr3a −/− mice on day 5 did not differ from that in wild-type mice (wild-type vs Figure S1 ). These results indicate that the 5-HT 3 receptor is not required for baseline cell proliferation or neurogenesis in the hippocampal dentate gyrus.
The 5-HT 3 receptor is required for exercise-induced cell proliferation in the hippocampal dentate gyrus We next examined the possible role of the 5-HT 3 receptor in exercise-induced subgranular progenitor cell proliferation. Mice were housed in non-exercise or exercise conditions for 6 days and killed 24 h after the first BrdU injection (Figures 2a and b) . Wild-type and htr3a −/− mice with a running wheel showed a comparable running distance over 6 days (wild-type vs Figure S2 ), which is consistent with previous reports. 3, 17, 59, 60 In contrast, no significant increase was observed in htr3a −/− mice after exercise for 6 days (non-exercise vs exercise: entire hippocampus, 3122 ± 129.6 vs 3310 ± 151.3, P = 0.3613; Figures 2e and f; dorsal/ventral parts, see Supplementary Figure  S2 ). Furthermore, we analyzed the BrdU-labeled cells for expression of the immature neuronal marker DCX (Figures 2g and h) . After 6 days of exercise, there was a significant increase in the number of BrdU/DCX-double-positive cells in both dorsal and ventral parts of the dentate gyrus in wild-type mice (non-exercise vs exercise: entire hippocampus, 988.0 ± 31.75 vs 1498 ± 62.51, P = 0.0003; Figure 2g ; dorsal/ventral parts, see Supplementary Figure S2 ), as previously reported. 17 Under non-exercise conditions, there was no significant difference in the number of doublepositive cells between wild-type and htr3a −/− mice (entire hippocampus, P = 0.6129; dorsal part, P = 0.9542; ventral part, P = 0.3353). In contrast to wild-type mice, no significant increase in the number of double-positive cells was found in htr3a −/− mice after exercise (non-exercise vs exercise: entire hippocampus, 1028 ± 67.92 vs 1092 ± 86.26, P = 0.5812; Figure 2g ; dorsal/ventral parts, see Supplementary Figure S2 ). These results indicate that the 5-HT 3 receptor is required for the exercise-induced neurogenic response in the hippocampal dentate gyrus.
Stimulation of the 5-HT 3 receptor promotes neurogenesis
To further study the role of the 5-HT 3 receptor in the neurogenic cell response, we examined the effects of 5-HT 3 receptor stimulation on cell proliferation in the hippocampal dentate gyrus. Mice received an injection of saline or SR 57227A (selective 5-HT 3 receptor agonist), 52 Figure S3 ) and BrdU/DCX-double-positive cells (saline vs 5 mg kg -1 SR 57227A: entire hippocampus, 512.0 ± 10.43 vs 707.2 ± 36.19, P = 0.0066; Figure 3d ; dorsal/ventral parts, see Supplementary Figure S3 ) in both dorsal and ventral parts of the dentate gyrus in wild-type mice. In contrast, no significant increase in these numbers was observed in SR 57227A-treated htr3a −/− mice compared with saline-treated htr3a −/− mice (saline vs 5 mg kg -1 SR 57227A: entire hippocampus, BrdU-positive, 1320 ± 115.7 vs 1292 ± 60.62, P = 0.8374; BrdU/DCX-double-positive, Figure S3 ). These data suggest that stimulation of the 5-HT 3 receptor promotes neurogenesis.
The 5-HT 3 receptor is required for exercise-induced neurogenesis Newly generated hippocampal granule cells are functionally integrated into the neuronal circuit and may increase the functional capacity of the brain structure. 61 Thus, we examined whether there is an exercise-induced increase in dentate granule cells in wild-type and htr3a −/− mice. Mice received a BrdU injection and were housed in non-exercise or exercise conditions for 3 weeks (Figure 4a ). Wild-type and htr3a −/− mice showed a comparable running distance over 3 weeks (wild-type vs htr3a −/− (number of revolutions of running wheel): 755 828 ± 40 391 vs 745 146 ± 45 951, P = 0.8659; Figures 4b and c ). Three weeks of exercise significantly increased the number of BrdU/NeuN-doublepositive cells in both dorsal and ventral parts of the hippocampal dentate gyrus of wild-type mice (non-exercise vs exercise: entire hippocampus, 1558 ± 88.99 vs 2968 ± 254.7, P = 0.0008; Figures 4d and e; dorsal/ventral parts, see Supplementary Figure S4 ), as previously reported. 3, 59, 60 In contrast, there was no significant increase in htr3a −/− mice after 3 weeks of exercise (non-exercise vs exercise: entire hippocampus, 1638 ± 71.97 vs 1832 ± 137.6, P = 0.2477; Figures 4d and e; dorsal/ventral parts, see Supplementary Figure S4 ). These results indicate that the 5-HT 3 receptor is required for the exercise-induced increase in hippocampal granule cells. Figure 5d ) in wild-type mice, indicating decreased depressive-like behavior, which is consistent with previous reports. 8, 9 Under no-exercise conditions, there was no significant difference in the immobility time between wild-type and htr3a −/− mice in the forced swim (P = 0.4034; Figure 5a ) and tail suspension tests (P = 0.7932; Figure 5d ). In contrast to wild-type mice, no significant reduction in the immobility time was found in htr3a −/− mice after 3 weeks of exercise in the forced swim (non-exercise vs exercise (s): 141.6 ± 9.673 vs 126.6 ± 12.62, P = 0.3596; Figures 5a and c) and tail suspension tests (non-exercise vs exercise (s): 194.7 ± 11.76 vs 189.0 ± 8.258, P = 0.6963; Figure 5d ). Meanwhile, there were no significant differences in the spontaneous activity between mice that were and were not under exercise conditions for 3 weeks (non-exercise vs exercise (counts per 20 min): wild-type, 5539 ± 71.66 vs 5651 ± 78.02, P = 0.3027; htr3a −/− , 5689 ± 63.88 vs 5694 ± 101.5, P = 0.9687), and between genotypes (P = 0.1379; Figure 5e ).
We then examined the possible role of the 5-HT 3 receptor in exercise-induced enhancement of hippocampus-dependent learning, using the contextual fear conditioning test. Three weeks of exercise significantly enhanced contextual freezing responses 24 h after conditioning in wild-type mice (non-exercise vs exercise: 29.26 ± 5.639% vs 47.92 ± 5.789%, P = 0.0359; Figure 5h ), consistent with previous reports. 62, 63 Under no-exercise conditions, htr3a −/− mice showed intact contextual fear learning ability (P = 0.7183), as previously described. 50 Interestingly and consistent with wild-type mice, after 3 weeks of exercise, htr3a −/− mice exhibited significantly enhanced contextual freezing responses (non-exercise vs exercise: 26.50 ± 5.021% vs 44.17 ± 6.360%, P = 0.0428; Figure 5h ). There were no significant differences in pain sensitivity (Figure 5f) or freezing responses immediately after the foot shock between mice that were and were not under exercise conditions (nonexercise vs exercise: wild-type, 9.259 ± 3.790% vs 11.46 ± 4.148%, P = 0.7004; htr3a −/− , 9.167 ± 3.819% vs 11.67 ± 3.967%, P = 0.6553), and between genotypes (P = 0.9865; Figure 5g ). Taken together, these behavioral findings indicate that the 5-HT 3 receptor is required for exercise-induced antidepressant-like behavior, but not for learning enhancement.
DISCUSSION
The roles of 5-HT in adult hippocampal neurogenesis and antidepressant effects have been extensively studied. 24, 25, [30] [31] [32] [33] [34] [35] [36] Although brain 5-HT levels increase following exercise [38] [39] [40] [41] and have been suggested to be a key factor in exercise-induced structural and behavioral changes, attention has mainly been paid to neurotrophic factors, such as brain-derived neurotrophic factor 18, 19 and insulin growth factor-1. 20, 21 Therefore, it remained unclear how 5-HT acts in the brain of animals that perform exercise. To date, 14 distinct 5-HT receptor subtypes have been delineated by pharmacological analyses and complementary DNA cloning. 37 However, the crucial target of 5-HT in exercise-induced neuronal effects is unknown. In this study, we found that the 5-HT 3 receptor is essential for exercise-induced hippocampal neurogenesis and antidepressant effects, but not for learning enhancement.
Our findings indicate that the 5-HT 3 receptor is the critical target of 5-HT action in hippocampal neurogenesis and antidepressant effects induced by exercise. So far, no 5-HT receptor subtype has been shown to function specifically in reaction to exercise stimulus. Therefore, this is the first report of a pivotal 5-HT receptor subtype that has a fundamental role in exercise-induced morphological changes and psychological effects.
The levels of adult hippocampal neurogenesis increase after interventions that are associated with beneficial effects on mood and cognition, such as exercise, 3, 17 environmental enrichment 3, 64 and treatment with antidepressant drugs. 30, 65 These properties indicate that adult neurogenesis could be harnessed to improve hippocampal function. 66 Previous studies have shown that enhanced hippocampal neurogenesis is required for the effects of antidepressant drugs that target the central 5-HT system. [30] [31] [32] In addition, hippocampal neurogenesis is necessary for amelioration of stress-induced depressive-like behaviors 67 and improvement in some forms of learning, but not others in environmental enrichment. 68, 69 In this study, we revealed that htr3a −/− mice did not show exercise-induced hippocampal neurogenesis or antidepressant effects, but exhibited learning enhancement. The fact that deletion of the 5-HT 3 receptor resulted in a blockade of both hippocampal neurogenesis and antidepressant effects induced by exercise suggests that these two phenomena may be causally related. Therefore, our results propose that exerciseinduced behavioral effects can be achieved through two types of pathways: neurogenesis dependent and neurogenesis independent. Specifically, the exercise-induced antidepressant effects were mediated by a 5-HT 3 receptor-dependent increase in hippocampal neurogenesis, whereas learning enhancement was mediated independently of increased neurogenesis. Our findings provide genetic support to the notion that enhanced hippocampal neurogenesis is required for antidepressant-like behavior induced by exercise. 70, 71 In other words, our data suggest that the exercise-induced increase in hippocampal neurogenesis controlled by the 5-HT 3 receptor may translate into enhanced synaptic plasticity in the neuronal circuits, 4, 72 which subsequently emerges as behavioral responses (that is, antidepressant-like behavior) to exercise stimulation. Conversely, other mechanisms, such as altered dendritic complexity 73, 74 and synaptogenesis, 75 and other brain areas 1,2 may underlie neurogenesis-independent behavioral changes induced by exercise.
Many studies have demonstrated the differences in afferent and efferent connectivity of the hippocampus along the longitudinal (septotemporal/dorsoventral) axis, and this indicates distinct roles for the dorsal and ventral hippocampus in cognitive and emotional functions. 25, 76, 77 It has been suggested that neurogenesis in the dorsal and ventral dentate gyrus contributes differentially to regulation of learning and mood. 25, 57, 78 Specifically, ventral hippocampal neurogenesis may be preferentially involved in the modulation of emotion. Previous reports have shown that serotonergic fibers provide denser input to the ventral hippocampus, 79, 80 and recent studies suggest that antidepressants may exert their behavioral effects by increasing ventral hippocampal neurogenesis. 81, 82 In our study, neurogenesis in the ventral part of the dentate gyrus was enhanced by exercise in wild-type, but not htr3a −/− mice, and was promoted by 5-HT 3 receptor stimulation. Meanwhile, the same effects were observed in the dorsal part of the hippocampal dentate gyrus. Our data support the involvement of ventral hippocampal neurogenesis controlled by the 5-HT 3 receptor in the regulation of emotional behaviors, such as antidepressant-like behavior induced by exercise; however, that of dorsal hippocampal neurogenesis cannot be ruled out.
In conclusion, our data demonstrate that the 5-HT 3 receptor is the critical target of 5-HT action in exercise-induced hippocampal neurogenesis and antidepressant effects, but not in learning enhancement. Furthermore, exercise-induced antidepressant effects could be mediated by a 5-HT 3 receptor-dependent increase in hippocampal neurogenesis. This is the first report of a pivotal 5-HT receptor subtype that has a fundamental role in exercise-induced morphological changes and psychological effects. Considering the beneficial effects of exercise on brain disorders, 1,2 the 5-HT 3 receptor is a potentially important target that merits further investigation.
